Graphene/hexagonal boron nitride (G/h-BN) heterostructure has attracted tremendous research efforts owing to its great potential for applications in nanoscale electronic devices. In such hybrid materials, tilt grain boundaries (GBs) between graphene and h-BN grains may have unique physical properties, which have not been well understood. Here we have conducted non-equilibrium molecular dynamics simulations to study the energetic and thermal properties of tilt GBs in G/h-BN heterostructures. The effect of misorientation angles of tilt GBs on both GB energy and interfacial thermal conductance are investigated.
Graphene and hexagonal boron nitride (h-BN) have similar honeycomb-lattice structures, with only 2% lattice constant difference. Despite the structural similarity, they have totally different electronic properties. For instance, graphene possesses anomalous quantum Hall effect and high carrier mobility at room temperature 1-3 that offer novel applications in nanodevices. While a single-layer h-BN is an insulator with a wide bandgap energy of $5.9 eV, [4] [5] [6] which is very promising for applications in optoelectronic devices 4 and field-effect transistors. 7, 8 Recently, research efforts have been devoted to explore the possibility of creating Graphene/h-BN (G/h-BN) heterostructures for broader applications such as atomically thin integrated circuitry. In fact, experimental studies have developed some synthesis methods, such as \patterned regrowth", which can produce in-plane G/h-BN heterostructures with precisely controlled domain sizes. [9] [10] [11] In these heterostructures, grain boundaries (GBs) between graphene and h-BN grains are of particular interest, since they can remarkably influence the overall electronic properties. For instance, first principle calculations have predicted that in-plane G/h-BN interfaces (GBs) may have variable bandgap, 12, 13 half-metallic behavior 12 and different electronic structures. 14 However, to date, there is almost no research on the energetic and thermal properties of tilt GBs in G/h-BN heterostructures. In this work, we investigated on both GB energy and thermal transport across tilt GBs in G/h-BN heterostructures using molecular dynamics simulations. To model the thermal transport, heat flux J Q is introduced through the tilt GBs, causing a discontinuous temperature drop Δ T between the graphene and h-BN monolayers. The associated thermal boundary resistance R κ (also called the Kapitza 15 ), or equivalently the interfacial thermal conductance, G κ ¼ 1 = R κ , can be evaluated via
As for the thermal conductivities κ of graphene and h-BN grains, they can be calculated on the basis of Fourier's law,
where ΔT = Δz is the temperature gradient.
In this work, we compute the thermal conductivity and interfacial thermal conductance using the reverse non-equilibrium molecular dynamics (RNEMD) simulations. [16] [17] [18] According to the Müller-Plathe algorithm, 19 heat source and heat sink are placed at the center and at each end of G/h-BN heterostructures ( Fig. 1) , respectively, to generate a constant heat flux.
Tilt GBs in G/h-BN heterostructures comprise arrays of pentagon-heptagon (5-7) rings with different ring orientation angles and densities depending on the misorientation angles. 
Accordingly, for G/h-BN armchair-oriented GBs, a higher value of θ zigzag implies a lower value of θ armchair and a lower density of 5-7 rings. Here we only consider the thermal properties of G/h-BN heterostructures with respect to zigzag misorientation angles θ zigzag . For structural dimensions, only graphene and h-BN grain sizes of 25 nm with widths of 12 nm along the GB direction are taken into account. Periodic boundary conditions are applied in both x and z directions. Two modified versions of Tersoff potentials are adopted to simulate the C-C interaction, 20 and C-B-N interaction. 21, 22 These potentials have been shown to yield values of the acoustic-phonon velocities that are in good agreement with measured data. 20, 21 All the RNEMD simulations are performed with the large-scale atomic/molecular massively parallel simulator (LAMMPS) package, 23 which has successfully simulated graphene monolayers in our previous studies. [24] [25] [26] [27] G/h-BN heterostructures are first energetically minimized and applied with an external pressure tensor, in order to obtain the final structures with minimum potential energy and specified pressure tensor. RNEMD simulations are then carried out on the relaxed structures at room temperature (T ¼ 300 K) in a microcanonical NVE ensemble for 22.5 ns, with a time step of 0.5 fs. After the steady state regime is reached, the temperature profile through the structures is determined by averaging over 2.5 ns, by dividing the structure into slabs of about 8 Å wide.
First, we discuss the influence of misorientation angles on the grain boundary energies of G/h-BN heterostructures, as shown in Fig. 3(a) . For values of θ zigzag ¼ 0 ○ and θ zigzag ¼ 60 ○ (refer to pure zigzag-and armchair-oriented GBs), grain boundary energy γ is non-zero, which is different from γ ¼ 0 in polycrystalline graphene. 28, 29 This is because that there exists lattice mismatch between initial graphene and h-BN grains. Thus, extra energy is needed to fully relax such lattice mismatch. As for values of θ zigzag less than 17.9 ○ and more than 42.1 ○ (refer to smaller zigzag and armchair misorientation angles), γ gets increased with respect to θ zigzag . This can be attributed to the increase of lattice mismatch. When values of θ zigzag between 17.9 ○ and 42.1 ○ (refer to larger zigzag and armchair misorientation angles), γ surprisingly gets decreased and reaches to local minimum values at θ zigzag ¼ 21:8 ○ and θ zigzag ¼ 32:2 ○ . Here, the lower values of γ are highly related to the high-symmetry GBs in G/h-BN heterostructures. 28 5-7 rings, which can be seen as GB dislocations, induce non-zero strain fields in G/h-BN heterostructures, and correspondingly structural buckling. Figure 3 (b) depicts the buckling magnitude Δ H as a function of θ zigzag . It is interesting to notice that there are much smaller values of Δ H at θ zigzag ¼ 21:8 ○ and θ zigzag ¼ 32:2 ○ , which indicates higher densities of 5-7 rings (dislocations). This may be due to the reason that in these cases, the strain fields induced by these dislocations overlap and cancel with each other, leading to smaller buckling. We then study the thermal properties of tilt GBs in G/h-BN heterostructures. In Fig. 4(a) , the average temperature profile for the heterostructure with pure zigzag-oriented GBs (θ zigzag ¼ 0 ○ ) is non-linear near the heat source and sink parts owing to finite size effects as mentioned in previous work. 30 To evaluate the thermal conductivities κ of both graphene and h-BN grains, we determine the temperature gradient (the slope of fitted orange and red lines in Fig. 4(a) ) of the middle part. In the case of θ zigzag ¼ 0 ○ , according to Eq. (2), the values of κ G and κ h-BN are 181 and 111 W/mK, respectively. It is also found that κ G and κ h-BN are insensitive to misorientation angles. The simulation results of κ G and κ h-BN are much smaller than experimental ones. This is in the mean where free path of phonons in graphene and h-BN are more than 200 nm, 31, 32 which is much bigger than the size of our models. Therefore, besides phonon-phonon scattering, we also need to consider the scattering at the heat sink and source of the heterostructures. The thermal conductivity satisfies the relation.
Also shown in the average temperature profile ( Fig. 4(a) ), there is obvious temperature drop ΔT across tilt GBs in G/h-BN heterostructures. In terms of Eq. (1), the interfacial thermal conductance of tilt GBs G κ can be determined, as presented in Fig. 4(b) . It indicates that G κ is nearly independent of misorientation angles, and has an approximately constant value of 5 GW/m 2 K. While in the case of polycrystalline graphene, the interfacial thermal conductance of graphene GBs reduces with increasing misorientation angle, and its value is one order of magnitude larger than that of G/ h-BN GBs. Such dependence on misorientation angle and higher interfacial thermal conductance in polycrystalline graphene may be due to its more symmetry structure. Thus, there is less mismatch between the phonon vibrational spectra of graphene grains than that of graphene and h-BN grains.
In summary, we have explored the energetic and thermal properties of GBs in G/h-BN heterostructures. Our simulation results indicate that lattice mismatch between graphene and h-BN grains causes non-zero GB energy of pure zigzag-(θ zigzag ¼ 0 ○ ) and armchair-oriented (θ zigzag ¼ 60 ○ ) GBs. We also identify two local minimum GB energies having values of θ zigzag ¼ 21:8 ○ and θ zigzag ¼ 32:2 ○ . As for thermal transport across GBs in G/h-BN heterostructures, it is found that misorientation angle has no significant influence on the interfacial thermal conductance. These results shed light onto precise synthesis of G/h-BN heterostructures.
